Purpose: To analyze the miRNA expression profiles in C57 mice ageing hippocampus in detail, and investigate the functional information of these hippocampus specific miRNAs and the related regulatory networks. Methods: Microarrays were used to analyze miRNA expression profiles in adult and aged hippocampi, and bioinformatics analysis methods, such as three public datasets (Mirbase, Miranda, and Mirdb), DAVID online tools and KEGG pathway tools were used to study in detail the target genes of the differentially expressed miRNAs. Results: 26 differentially expressed miRNAs were identified by greater than 1.5-fold change (intersection of two sets), of which 16 were up-regulated and 10 were down-regulated. DAVID Functional Annotation Cluster (FAC) analysis of the 132 predicted target genes of up-regulated miRNAs revealed confident enrichment scores for synaptic function and apoptosis etc. (Figure 1) , indicating the functional significance and importance of these miRNAs during hippocampal ageing. Conclusions: Bioinformatic analyses of the differentially expressed miRNAs have identified a number of miRNAs with putative involvement in the hippocampus ageing process. This study lays a solid foundation for further studies to clarify the important regulation function of miRNAs in ageing process of brain tissue.
the progressive development of deadly complex diseases, and many factors such as heredity and environment participate in these diseases process [1] . Epidemiological and biomedical studies have demonstrated that both genetic and age-related factors are crucial for the development and progression of these disorders. Attempts to understand the underlying mechanism of functional alterations in neural circuits during "normal aging" are receiving considerable attention and should provide new insights toward preventing and treating age-related disorders. However, our knowledge about whether and how neural circuits are remodeled and/or maintained during normal aging is still very limited [2] .
The microRNAs (miRNAs) are a group of small noncoding RNAs that are single stranded chains consisting of 19 -25 nucleotides (~22 nucleotides) and transcribed by RNA polymerase II or III in the nucleus [3] . More and more studies showed that miRNAs play an important role in gene regulations by binding to the 3'-untranslated regions (3'-UTRs) of target messenger RNAs (mRNAs), resulting in post-transcriptional silencing by translational repression, mRNA degradation, or a combination of the two [4] [5] [6] .
Emerging evidence indicates that miRNAs are actively involved in regulating gene expression patterns in the adult and aging brain [7] [8] [9] . Ageing remains the most robust risk factor, thus far identified for human neurodegenerative conditions. Mechanisms of ageing under the regulation of miRNAs may contribute to neurodegenerative diseases pathology, and systemic increase in specific miRNAs may suppress various cellular functions in neurodegenerative diseases, such as redox defenses or DNA repair mechanisms, by targeting mRNA and/or protein species in brain and peripheral tissues [10] . miRNA microarray technology is an efficient method to generate miRNA expression profiles, and these data can be used to extract information regarding the regulatory pathways initiated by miRNAs, especially in the case of regulation due to degradation, by integrating the mRNA expression profiles of the predicted miRNA target genes. Such an approach has been applied to study the functional linkage between miRNAs and physiological or pathological processes [11] [12] [13] . Recent estimates put the number of human miRNAs at 1100 or more, composing complex regulatory networks that influence the expression of as many as two thirds of all genes [14] . Such a large family of genes could explain some of the difficulties that neurobiologists generally have encountered in their efforts to link individual miRNA genes to certain mental disorders. Because they are single molecular entities that dictate the expression of fundamental regulatory pathways, miRNAs represent potential drug targets of unprecedented power.
Neurodegenerative diseases are a type of nervous system disorders in which neurons are lost progressively with age, resulting in the loss of multiple functions such as behavior and memory, among others [15] . The hippocampus is an important part of the limbic system that plays vital role in the behavioral, emotional and memory processes [16] . C57 mouse is a general animal model for biological research to investigate the miRNAs expression profiles in C57 mouse Furthermore, we investigated the functional information of these hippocampus specific miRNAs and the related regulatory networks, studied in detail the target genes of the selected miRNAs predicted by three public datasets (Mirbase, Miranda, and Mirdb) through function and pathway enrichment analysis, and thus developed a global view of C57 mouse ageing hippocampus specific miRNA expression profiles and their target maps.
Materials and Methods

Animals
Adult male (10 months old and 20 months old) C57 mice were obtained from 
Quantitative RT-PCR Validation
Total RNA was extracted using Trizol reagent (Invitrogen). cDNA was synthe- 
Bioinformatics Analysis of Normalized Microarray Data
Up and down-regulated miRNAs of greater than 1.5 fold change from the 20-month-old and 10-month-old were selected from miRNAs expression profiling data (Intersection of three sets of chip results). were used to predict the target genes of the selected miRNAs. The intersection of these three datasets was used as the prediction results of the target genes of the selected miRNAs.
Clustering and Principal Component Analysis
The hierarchical clustering method [18] was used to classify different group patterns. Principal component analysis (PCA) [19] was used to produce a two-dimensional graph of the distances between different groups.
Gene Ontology (GO) classification systems was used to assign putative function to each clone by way of biological process, molecular function and cellular components. The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7b [20] was used to determine pathways and processes of major biological significance and importance through the Functional Annotation Cluster (FAC) tool based on the GO annotation function.
DAVID Functional Annotation Cluster Analysis
DAVID FAC analysis was conducted on two independent normalized gene lists containing the target genes (Intersection of 5 or more miRNAs) of 1.5-fold up-regulated normalized miRNAs and 1.5-fold down-regulated normalized miRNAs (5 or more). High stringency ease score parameters were selected, to indicate confident enrichment scores of functional significance and importance of the given pathways and processes investigated. The Gene Ontology (GO) system in DAVID was utilized to identify enriched biological themes in both gene lists.
Mapping and Visual Pathway Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway tools were used to visually map cluster of the target genes involved in common pathways and processes for both pathway-specific and molecular overview purposes. KEGG pathway tools were utilized through DAVID online tools. Since visual mapping was the primary objective, all target genes (Intersection of 5 or more miRNAs) of normalized miRNAs that were differentially expressed by 1.5-fold were considered for the KEGG pathway analysis. Heat map analyses were also conducted through DAVID to produce a matrix of enriched GO terms with common target genes (Intersection of 5 or more miRNAs) of normalized miRNAs that were 1.5-fold or more up and down-regulated. The green and black shading on the heat map matrix indicates a positive and negative correlation between the enriched GO term and the given target gene, respectively.
Result
All Differentially Expressed miRNAs
The 6 th generation of miRNA array (Exiqon) contains about 1280 capture probes, covering mouse microRNAs annotated in miRBase 16.0. C57 mice hippocampi of 10 month old and 20 month old were used for miRNAs microarray analysis. Up and down-regulated miRNAs with change more than 1.5 fold from both 20-month-old and 10-month-old ( Table 1, Table 2 ) were chosen for further study.
In total, two replicate microarray hybridizations were performed, and 26 differentially expressed miRNAs (>1.5 fold) were identified through analysis. Of 
Validation of Microarray Data by qRT-PCR
Two microarray sets may not be enough to convince differential expression in adult and aged hippocampi, so qRT-PCR was used to validate microarray results.
A total of 6 differentially expressed miRNAs were selected based on their function and involvement in pathways and processes important to C57 mice ageing.
The qRT-PCR results are correlated with the microarray expression data ( Figure   3 , Table 1, Table 2 ).
Synaptic Function
Synaptic function activity showed a very high enrichment score in the FAC analysis of target genes of up-regulated miRNAs in 20 month old C57 mouse . Impaired long-term potentiation (LTP) expression at hippocampal synapses of the aging brain has recently been linked to weaker NMDA-R activation [22] . And the neurotrophin BDNF has been shown to modulate the development and function of synapses in the nervous system [23] . BDNF is important in modulating dentate gyrus neurogenesis [24] and in synaptogenesis [25] .
These results suggest differentially expressed miRNAs were involved in the regulation of hippocampus synaptic function by regulating the expression of their target genes.
Cell Fraction and Regulation of Secretion
Cell fraction showed the highest enrichment score in the FAC analysis with the target genes of up-regulated miRNAs (>1.5-fold) during the ageing (Figure 1 ).
DAVID two dimensional figure analysis shows that 42 genes are correlated with cell fraction, membrane fraction, etc. of GO classifications (Figure 4(B) ). Dopamine receptor D1A, metabotropic and ionotropic glutamate receptors (GluRs), tumour necrosis factor receptor (TNFR) etc. appeared in these genes.
Regulation of secretion is another important function cluster (Figure 1 ), and 22
genes that functionally clustered into common GO terms pertinent to regulation Apoptosis suits itself into antagonistic pleiotropy theory and as it has deleterious effects in aging neurons while it is needed during development where it removes neurons that don't integrate into the growing neuronal network [26] .
However, after the development of the neuronal network into the mature nervous system, the fight of neurons for survival and healthy existence with plasticity becomes anti-apoptotic [27] . In the mitochondrial pathway of apoptosis, intracellular signals result in releasing cytochrome c from mitochondria, which binds to the adaptor protein APAF-1 (apoptotic protease-activating factor-1), which further leads to the activation of Caspase 9 and subsequently Caspase 3 [28] .
Bcl2 as a pro-survival gene is a member of the anti-apoptotic group, which binds to and inhibits the action of multi-domain pro-apoptotic proteins like Bax [29] . Moreover, the up-regulation of Bcl2 expression leads to down-regulation of Bax, and interferes with the release of cytochrome c from the mitochondrial intermembrane space into the cytosol, where it associates with Caspase 9 and Apaf1 to form the apoptosome complex, thus effecting apoptosis [30] .
Therefore the regulation of miRNAs that target key genes such as Bcl2 expression may be interpreted as potential therapeutic candidates for preventing apoptotic death in neuronal cells, thus contributing to cognitive robustness.
Response to Hormone Stimulus and Protein Localization
DAVID FAC analysis indicated that response to hormone stimulus and protein localization is active in both adult and aged hippocampus ( Figure 1, Figure 2 ). DAVID heat map analyses also identified a cluster of predicted target genes found to be involved in neuron projection, synaptic transmission and regulation of kinase activity (not shown). Neuron projection and synaptic transmission are very important physiological activities in CNS; therefore these functions also show significant changes associated with ageing, of course, the related important cytokines will be regulated by miRNAs.
Results of KEGG Pathway Analysis
The important GO terms of FAC analysis were chosen for KEGG pathway anal- miRNAs and differentially expressed miRNAs ( Figure 5 , Table 3 ). If further studies confirm these differentially expressed miRNAs (Table 3 ) could combine with mRNA 3'UTR sequence of predicted target genes and inhibited the expression of target genes, that suggests these miRNAs are involved in regulation of the above mentioned important signaling pathways by inhibiting the expression of the important cytokines, and attend in regulated hippocampal growth, ageing and maintenance, and then regulate behavior, emotion, learning and memory function.
Discussion
The hippocampus is an essential part of the archeo-cortex. In mammals, it is three-layered structure located on the medial surface of the temporal lobe in the back of each cerebral hemisphere. The name hippocampus is derived from
Greek and means sea horse, which it resembles in shape [16] . The hippocampus is an important part of the limbic system, which plays vital role in the learning/memory, spatial navigation, emotional behavior and regulation of the neuroendocrine stress axis processes [16] [33].
In order to have comprehensive understanding of miRNAs expression differences and regulation functions in hippocampal ageing, 10 months old and 20 months old C57 mice were chosen, and two sets and a total of six hippocampal samples were sent to miRNAs microarray detection. 20 months old vs. 10 months old 1.5 fold change up and down regulated miRNAs (intersection of three sets of chip results) were chosen for further study ( Table 1, Table 2 ).
Through bioinformatic analysis, the predicted target genes of differentially expressed miRNAs are distributed in neurotrophic factor signal pathway, LTP related signal pathways, cell apoptosis signal pathway, transforming growth factor signal pathway and dopamine synaptic pathway, and many of these target genes are the significant cytokines of these signal pathways.
Neurotrophic factors, especially the BDNF can regulate the development, ageing and function of the CNS. BDNF has been implicated in activity dependent synaptic plasticity and network remodeling [34] . Moreover, it is able to regulate the extent of adult hippocampal neurogenesis [35] , presumably via its specific TrkB receptors [36] . Proliferating neural progenitor cells in the dentate gyrus have been demonstrated to express TrkB receptors [37] , suggesting a direct influence of BDNF on neurogenesis. It is well known that BDNF binding to TrkB receptors evokes several intracellular signaling pathways, including MAP/ ERK pathway and the activation of CREB [38] . BDNF is known to regulate dendritic development. In particular, it has been shown to induce primary dendrite formation in developing neurons via PI3-K and MAPK pathway activation [39] .
Through bioinformation analysis, here from 10 months old to 20 months old ageing process, miR-15b, miR-195, miR-30c may bind with BDNF mRNA to participate in the regulation of neurotrophin signal pathway (Table 3, Figure 5(A) ).
The hippocampus is a key brain area involved in learning and memory. Activitydependent forms of hippocampal synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) are key cellular events underlying learning, memory and habituation [40] . Brain aging is generally accompanied by cognitive deficits, in particular by learning and memory impairments [41] .
Age-related deficits in learning and memory could occur in parallel with the impairment of functional plasticity at central synapses. Experimental data confirm this assumption, because the expression of synaptic plasticity, including LTP and LTD of synaptic transmission, is altered in the brain of memory deficient aged animals [42] [43] . Through bioinformation analysis, here from 10 months old to 20 months old ageing process, miR-15b, miR-195 may bind with Grin1 mRNA; miR-30c, miR-125a-5p, miR-125b-5p may bind with Grin2a mRNA; miR-125a-5p, miR-125b-5p, miR-9 may bind with Rhoq mRNA; miR-101b may bind with Grm1 mRNA; and miR-23a, miR-23b, miR-30c may bind with Grm5 mRNA, and these miRNAs may be involved in the regulation of LTP related signal pathways (Table 3, Figure 5 (B)).
It is well known that age-associated neurodegeneration is associated with increased neuronal apoptosis, as one mechanism contributing to cognitive dysfunctions [44] [45] . Caspase 3 and Bax up-regulation has been observed in patient samples and in classic animal neurodegenerative models such as stroke, AD, HD (Huntington's disease) and PD [46] . The Bcl-2 protein resides in the outer mitochondrial wall, and acts as an anti-apoptotic factor by controlling mitochondrial permeability, thus regulating apoptosis [47] . Previous evidence of miRNA impact on cell survival mechanisms has been shown with miR-15, miR-16, miR-34a and miR-181a-1* targeting Bcl-2 mRNA and inducing apoptosis [48] [49]. Here from 10 months old to 20 months old ageing process, miR-15b, miR-195, miR-30c, miR-23a, miR-23b, miR-125a-5p, miR-125b-5p, miR-34c may bind with Bcl2 mRNA to participate in the regulation of apoptosis signal pathway (Table 3 , Figure 5 (C)).
TGF-β signal pathway, which can regulate multiple cellular functions, including cell growth, adhesion, cell transfer, differentiation and apoptosis, and play an important role in regulating immune inflammation, wound healing, immune steady and tolerance [50] . TGF-β signal pathway was precision regulated in different levels, and dysfunction is closely related to the occurrence of a variety of diseases. Smad3 protein was the key molecule in TGF-β signal transduction, it play an important role in maintaining the normal function of cells [51] . Through bioinformation analysis, here from 10 months old to 20 months old ageing process, miR-23a, miR-23b may bind with TGF-βIImRNA; miR-9, miR-101b, miR-128 may bind with TGF-βImRNA; miR-9, miR-23a, miR-23b, miR-101b, miR-15b, miR-195 may bind with SMAD3 mRNA; and these miRNAs may be involved in the regulation of TGF-β signal pathway (Table 3 , Figure 5(D) ). Dopamine is the mainly catecholamine neurotransmitter in mammalian brain, It controls the motion, cognition, emotion, positive reinforcement, feeding and endocrine regulation and many other functions [52] . Dopamine receptors can be divided into D1 and D2 receptors. They are both expressed in hippocampus. Dopamine play an important role for motion control, and dopamine levels were positively correlated with cognitive function, and negatively correlated with age [53] . Through bioinformation analysis, here from 10 months old to 20 months old ageing process, miR-15b, miR-195 may bind with D1 mRNA to participate in the regulation of dopamine synaptic pathway (Table 3, Figure 5 (E)).
Increased age is a major risk factor for neurodegenerative disease incidence, post-ischemic mortality, and severe and long-term disability. Here from 10 months old to 20 months old ageing process, significantly differentially expressed miRNAs may bind with mRNA of their predicted target genes to participate in the regulation of neurotrophic factor signal pathway, LTP related signal pathways, apoptosis pathway, transforming growth factor signal pathway, dopamine synaptic pathway, and then regulate the hippocampal growth, maintenance, aging, degradation, learning and memory functions. This study lays a solid foundation for further studies to clarify the important regulation function of miRNAs in brain tissue, and will provide new diagnostic and therapeutic targets for effective prevention and treatment of neurodegenerative diseases.
